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ABSTRACT OF THE DISSERTATION

Measurements of Acoustic Backscatter
of the Deep Sea Floor using a Deeply Towed Vehicle.
A Technique to Investigate the Physical and Geological
Properties of the Deep Sea Floor and to

Assess Manganese Nodule Resources.

by

Marco Weydert
Doctor of Philosophy in Oceanography
University of California, San Diego, 1985

Professor Fred N. Spiess, Chairman

In 1983 an area of Cu-Ni rich manganese nodules at 14°40’N, 126 ° 25'W

(site 'E’) was intensively studied with the Deep-Tow of the Scripps Institution of

Oceanography, and 16 box cores were collected. Deep-Tow studies of the Thirtymile-

Bank off the Californian Coast and the deep sea at the foot of the Patton Escarpment
followed. The nodule coverage at site 'E’ varies from 0% to 809%. The nodule sizes
vary between 1 and 13 cm. The nodule size distributions are best modeled by a Gaus-
sian distribution. The three main nodule axes are related to each other as 1:0.8:0.5.
The average density of individual nodules is 2.0 + 0.04g/c¢m® and the volumes increase
on the average with the 2.8 power of the third root of the product of the three radii.

Changes of the thickness of the upper acoustic unit of the sediment column correlate
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with changes in nodule coverage and concentration.

The acoustic backscatter has been measured for frequencies of 4.5, 9, 15, 28,
60, 112 and 163 kHz and grazing angles from normal incidence to 5°. The backscatter
increases as the square of the frequency for sediments. The backscatter of the deep
;'. sea sediments at the foot of the Patton escarpment exceeds the backscatter of the
sediments at site 'E’ by several dB (depending on the frequency and on the grazing
, angle). The backscatter from manganese nodules depends on the nodule coverage and
on the frequency and exceeds that of sediments, but is less than that from the
Thirtymile-Bank phosphorites. In nodule fields the backscatter comes at normal
incidence from the first Fresnel zone for frequencies from 4.5 to 60 kHz and increases
as the square of the coverage. The width and the asymmetry of the covariance
change when the nodule coverage changes. A computer model with ellipsoidal targets

relates the backscatter to the target strengths of the nodules and reproduces the

o
LN

: covariance. It is concluded that it is possible to distinguish acoustically between
3 different deep sea sediment types and to assess manganese nodule resources. The
s optimal frequencies are between 15 and 60 kHz.
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» O CHAPTER 0 INTRODUCTION

o

W 0.A Objectives

P Manganese nodules cover millions of square kilometers of the ocean floor,
N

e totalling several thousand million tons of manganese, iron, copper, cobalt and nickel.
18

h For the last twenty-five years, the manganese nodule deposits -especially those rich in
\ cobalt, nickel and copper- have attracted a lot of attention from the mining industry.
. While efforts in the USA and Europe have concentrated on scientific studies of the
'j areas, construction of small prototype miners and the design of mining vessels, the
P~ Japanese have already developed full-scale prototype exploration, mining and process-
» ing equipment (Hiroe, et al.,1984, Katsuya, et al., 1984, Mistsui, et al.,1984).

Only acoustic techniques can be used to survey large areas of the deep sea

floor within a reasonable time. They can be used to determine nodule distribution

g characteristics (patchiness, sizes, number of nodules per area) and topography. Photo-
. graphic techniques do better than acoustics only when one wants to resolve individual
o’ nodules. In fact, the clarity of sea water in most of the areas is such that it is possi-
::: ble to take pictures showing 35 square meters of the sea floor and resolving every sin-
. gle nodule. Sea floor photography at depths of 4 to 5 km is, however, a slow process,
M and only a 10 meter wide and a few km long strip can be covered within an hour.
-

- Towed (deep or shallow) and shipboard acoustic systems allow one to measure the
o nodule characteristics over a larger swath and to increase the ship’s speed at the
o same time.

.

o,

- A first objective of the present study was to develop an acoustic system
L

mounted on the deep tow vehicle (a fish) of the Marine Physical Laboratory of the
. Scripps Institution of Oceanography (Spiess and Lonsdale, 1982), with which the
>

»,
" !
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acoustic backscatter properties (coefficients and statistical properties) of the deep sea
floor in manganese nodule areas could be measured in situ, and to relate these to the

nodule distributions and bottom characteristics.

A second objective of this study was to measure the acoustic backscatter of
the sea floor in different areas, all grazing angles and frequencies from a few kHz up

to 160 kHz.

0.B Historical Background

Lord Rayleigh’s studies of the propagation of sound in fluids (Rayleigh, 1896)
were followed by a rather quiet period which lasted to the eve of World War II. The
search for enemy submarines revealed the importance of underwater sound acoustics
to the military. Numerous investigators studied sound propagation in the ocean dur-
ing the early 1940’s. The results of their work are summarized in a series of technical
reports by the Division 6 of the US Navy, published in 1969 as a book (Navy,1969).
Besides the reports on sound transmission, several chapters have been dedicated to
the reflection of sound from the ocean floor at various frequencies and grazing angles.
These measurements revealed that different geological environments behaved
differently acoustically, and that rock and sand bottoms reflect better than sand and
mud or mud bottoms. The relationship between acoustical and geological properties
was used to predict the acoustic behaviour of a region from available geological infor-
mation. This resulted in the sediment charts prepared for submarine operations. (The
Application of Oceanography to sub-surface Warfare, Summary Technical Report of

the National Defence Research Committee.1946).

Since World War I, work on underwater acoustics has been substantial. One
category of investigators was mainly concerned with sound transmission and sound

reflections from the sea floor (Liebermann,1948: Urick.1954; Urick and Saling,1962;

"at " '~'-'-‘-"_'-)_ o .\-“q.-$-‘_“\-‘ n_.-\.'-—

N
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Mackenzie,1960; McKinney and Anderson,1964; Jones, et al, 1964, Clay and
Rona,1965; Hastrup,1970). A second category was more interested in the implications
of the acoustics for the geologic environment. (Hill,1952; Hamilton,et al.,1956; Shum-
way,1960; Sarmiento and Kirby,1962; Richards,1962; Nafe and Drake, 1963,
Breslau,1967; Hamilton, 1970a-c, 1974). Breslau was the first one to successfully

predict the broad distribution of sediment types over the areas he studied, using a 12

kHz shipboard echosounder.

Several authors (Mc Kinney and Anderson, 1964, Urick, 1954) have studied

the acoustic backscatter at shallow water sites at several grazing angles. This work

has been summarized by Urick (Urick,1983) for environments ranging from gravel and

sand to mud.

Jitkovskii and Volovova (1967) showed that the frequency dependence of the
backscatter depends strongly on the roughness of the sea floor for frequencies from 1

to 30 kHz and grazing angles from 50 to 80 degrees.

A third category of investigators has been preoccupied by computer model-
ing of the deep sea floor reverberation. General programs to simulate bottom rever-
beration have been developed (Goddard and Princehouse, 1985). Magnuson (Magnu-
son,1983) and Ma (Ma, 1983) have studied the statistics and the reverberation {rom
manganese nodules. Their models are based on elastic spheres with the same
impedance as manganese nodules. A major development in this field was the use of

the T-matrix approach to study the scattering from different bodies, developed by

Waterman (Waterman.1969) and refined since by Varadan and Varadan (Varadan

and Varadan,1980).

Ll B Dl il ik W N

Recently, Weyvdert (Weydert.1985) studied the echo of individual manganese

nodules.
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0.C Experimental approach

The work at sea was carried out in an area where large variations in nodule
coverage could be expected on the scale of a couple of kilometers. Several suitable
areas had been studied by scientists during the Deep Ocean Environmental Study
project (DOMES) (Bishoff and Piper,1979) and the Manganese Nodule Project of the
National Science Foundation (MANOP) (Spiess and Greenslate, 1976, Karas, 1978,
Spiess and Weydert, 1984) while others had been investigated by companies interested
in the mining of manganese nodules. The area which was finally selected for the
acoustic backscatter measurements was the Ocean Mining Associates trial mining
site. 1) which is located just south of DOMES site 'C’ (figure 1) (Bischoff and
Piper,1979). This permitted the Deep-Tow group and a group of biologists (headed by
F.N. Spiess and R. Hessler respectively) to conduct at the same time an environmen-
tal impact study on the effects of deep sea mining (Spiess, et al., 1984). It was partic-
ularly fortunate that it could be arranged that the R/V T. Washington drove over

the area at the end of the Pascua 5 expedition in May 1983. Thus the seabeam
muiti-beam echosounder of the Scripps Institution of Oceanography could be used to
provide the Deep Tow group with a topographic map and 12 kHz reflectivity meas-
urements of the area 2) (Spiess, et al., 1984, de Moustier. 1985). In June 1983, the in
situ backscatter measurements could be carried out with the transponder navigated
Deep-Tow of the MPL. SIO. after a Deep-Tow site survey had been made collecting
photographs and side s-can imagery, followed by box coring (Spiess. et al.. 1984). A

specially built set of transducer arrays to measure the acoustic backscatter at

selected frequencies |45 9. 15 28 60. 112 and 163 kHz) had been mounted on the

1) | am very grateful to Biil Siapno Deep Sea Ventures [nc  for his support Deep Sea Ventures
supphied the Deep-Tow gr-up ~f *he MPL SIO with photographs and maps >f *he area prier to our
expedition They made 152 vider tapes of the sea floor avaliabie

2) [ thank C de Moustier -1 *he :e1 beam work
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stern of the deep tow vehicle. This permitted the measurements of the backscatter up

to several hundred meters aft and at angles from normal to near grazing.

On a subsequent expedition (Echo 2) two more areas were studied with the
same system to complement the environments found at the manganese nodule site:
the Thirtymile Bank off Southern California (phosphorites and relict sediments) and
the deep sea floor at the foot of the continental rise off Southern California (silty

clay).

In the following chapter 1, the geology of all three study areas will be dis-
cussed. In chapter 2, the in situ backscatter measurements are presented, together
with a detailed description of the tedious calibrations of the backscatter system. The
results of a computer simulation will be reported in chapter 3 and compared to the in

situ measurements.
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CHAPTER 1
GEOLOGY

1.1 Geology of the Manganese Nodule Area

SITE DESCRIPTION

a) General area

The manganese nodule area studied on Echo 1 (site 'E’) is located in the
eastern equatorial Pacific on the west flank of the East Pacific Rise at 14 °40'N,
125° 25'W (figure 1-1). The water depth is about 4500 m. Site E is located on the
boundary between the red clay and the siliceous ooze regions of the north central

Pacific, just below the calcite compensation depth.

Site E lies on 25 miilion years old crust between the Clipperton and Clarion
fracture zones which define a major structural block of the eastern Pacific floor, with
the present spreading axis more than 2000 km to the East. Several hundred km east
of the area is the relatively rugged relief of the Mathematicians Seamounts. The
regional slope is gentle and the relief is occasionally interrupted by clusters of
seamounts and small escarpments, which have been attributed to normal faulting.
Detailed examination of abyssal hill terrain by Luyendyk (Luyendyk, 1970) has shown
that the topographic units are mostly formed by small normal faults, 10-50 m high,

and are strongly lineated parallel to the spreading axis.

In the last ten years, the area has been extensively studied during the Deep
Ocean Mining Environmental Study (DOMES site 'C’ is just 70 km north-west of our
site 'E’) and the Deep Sea Drilling Project (DSDP holes 159 and 160 are two hundred

kilometers to the east and west respectively), as well as by the Ocean Mining
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Associates (Bischoff and Piper, 1979; Heath and Van Andel, 1973). From the DOMES
and DSDP data, as well as from the R/V T. Washington 3.5 kHz profiles collected on
Pascua Leg 3, we know that the area is blanketed by a sediumnent layer of 80-250 m
thickness with common basement outcrops. DSDP holes 159 and 160 (Heath and Van
Andel, 1973) show that the oldest sediments are Oligocene. approximately 25 million
vears old, while the near surface sediments are Miocene. DSDP reports suggest that
the density of the near surface sediments is 1.3 g/cm3 with a grain density varying
from 2.59 to 2.88 g/cms. The sound velocity has a range of 1.40 to 1.52 km/sec and

averages 1.47 and 1.48 km/sec at the DSDP sites 160 and 159 respectively.

Acoustic reflectors could not be distinguished with the 3.5 kHz data collected
on Pascua leg 5 because of poor data quality. Three main acoustic reflectors were
distir;guished at DOMES site C (Bischoff and Piper, 1979, p. 323). Unfortunately. the
poor quality of the Pascua 3 data does not permit one to see if they can be traced to

site 'E.

b) Site E

The bathymetry is best illustrated in the map in figure 1-2 (topography
modified from de Moustier, 1985). The general trend of the topographic features is
roughly North-South. The Deep-Tow area is bounded by depressions to the East and
West. The central part is rather flat with gentle slopes to the East and a small coni-
cal hill in the North-West. The southern part appears a little steeper. At 14° 41'N,
125°29'W the area is faulted and relicts of voleanic activity were observed on the 110
kHz side scan displays as the fish passed the area on 20 June 1983 between 15:00 and
16:00 GMT (figures 1-2 and 1-3). Poorly sedimented volcanic lobes cover the middle
part of the hill (figure 1-4), while the lower part appears as uniform as the surround-

ing area. At least 3 other comparable local highs can be seen in figure 1-2. No
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- Figure 1-2. Bathymetry of site 'E’ with box cores and outcrops
2 Bathymetry of site 'E' with 20 m contours. box core positions and outcrops The
X topography (modified {rom de Moustier, 19851 was obtained with the 3[O
. Seabeam multi-beam echosounding system Depths are n uncorrected meters
3 The box core positions have been determined using Deep Tow bathvmetrv and
- transponder navigation. The Control Area’ (6 box cores) s o the lower left the
Mining Area’ {6 box cores) in the upper center The numbers | "o 13 correspond
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bathymetry cross sections made with the deep tow system are available for these,

however.

Six to twelve sub-bottom reflectors could be distinguished in the upper 0.050
seconds of sediments (2-way travel time). The observed sediments can be divided into
three major acoustic units: The uppermost unit is acoustically transparent (although
some scattering can be recognized) and contains a set of 4 well defined acoustic
reflectors. Its thickness varies from nothing to 50 m, with some 35 m in the flat cen-
tral part of the area (figure 1-5.A). It is the only unit which can be traced
throughout the area although it is occasionally interrupted by rock outcrops. The
second acoustic unit is transparent, except for 5 weak reflectors, and it is some 25 m
thick in the flat center. Acoustic unit 3 appears to be similar to unit 2. Often the
little energy which penetrates to that depth makes it difficult to recognize weaker
reflectors. It appears, however, that its terminal reflector is rather diffuse. When
this reflector shoals near outcrops, no lower reflector appears. This suggests that this
last visible reflector is the acoustic basement (basalt). The thickness of unit 3
reaches a maximum of 35 m, with 20-25 m in the flat central area. Thus the total
sediment column is about 85 m thick in the center. This is less than the 110 m
observed at DOMES site 'C’ and DSDP holes 159 and 160. Unfortunately, it is not
possible to trace these units to DSDP hole 160 and DOMES site 'C’ for lack of ade-
quate 3.5 kHz profiles. In the very flat central portion of site 'E’, the acoustic sub-
bottom reflectors are parallel to the sea floor (figure 1-5.A). Reflectors shoal as they
approach topographic highs or rock outcrops, and get deeper in topographic lows
(figure 1-5.B). The thickness of the sedimentary layers they define changes accord-
ingly i.e. they increase or decrease as one approaches lows or highs respectively. This

is observable for small scale topographic changes as well as for the depression in the

east (figure 1-5.B and C). Although no strong currents were observed during the
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mining operations or during the Echo 1 expedition, deep ocean currents are a likely
agent redistributing the sediments (Johnson, 1971), eventually combined with gravita-
tional forces working on the soupy top layer observed in all box cores on Echo 1 (see
below). Once the sediments are in place, compaction reduces the sediment column,
preserving topographic lows as the compaction is the more effective the more sedi-

ments it can work on.

Photographs taken by the Deep-Tow group (figures 1-6, 1-7 and 1-8) and by
the Ocean Mining Associates show that the flat central portions of the site are well,
but not uniformly covered with manganese nodules. The depressions to the east,
southeast and west have fewer nodules, sometimes no nodules at all. The biological
activity is substantial as illustrated by the mud accumulations and tracks photo-

graphed on Echo 1 (figure 1-8; figure 4 in Spiess et al., 1984).

PHYSICAL CHARACTERISTICS of NODULES

a) General description

While on many previous expeditions box cores were generally spaced too far
apart to collect nodules from the same population, both the " Control Area” and the
"Mining Area" of Echo 1 had been selected after viewing the Deep-Tow photographs
so that each of them looked homogeneous with respect to nodule diameter, shape and
coverage. This allowed us to make some statistical analyses of the size, mass and

volume of the nodules.

On a previous expedition (Vulcan 1) to MANOP Site "H" the nodules
recovered by nine box cores had been measured by B. Finney. The data are shown

here for comparison although the latter box cores had been spread over a larger area.

2]
From the sixteen 0.25 m~ box cores taken on Echo 1 (figure 1-9), 13 have

been available for detailed geological and physical studies. They are divided into 3
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Sample photographs of sediments of site 'E’

Stereo photographs of nodule free sea floor in south-east of site 'E’. Note the roughness
of the bottom.
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: Surface of 2 box cores taken on Echo 1. The l?ox is 30 em x 30 c]m.
: Box core H354 is from the Mining Area H352 is fr(?m the Contro
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different groups (figure 1-2 ): Cores H347 - H352 come from the ‘Control Area’ in the
South-West corner {14 °37'N, 125° 28'W), Cores H353 - H358 come from the ‘Mining
Area’ in the upper center (14 ° 42'N, 125 ° 24'W), and core H359 comes from the transi-
tion zone to the East. The "Mining Area” is the area which had been selected by the
Ocean Mining Associates to test their manganese nodule mining equipment. The
"Control Area"” was selected on Echo 1 to compare the biological activity of an

undisturbed area with that of the Mining Area.

The box cores were mostly undisturbed when they arrived on board the R/V
Melville and contained relatively cold water i.e. no or little surface water. Surface
sediment is 75-95% pelagic clay with the remainder being siliceous (as determined by
the author using smear slides on board the R/V Melville). The top few cm of each of
the 16 box cores taken on Echo 1 are still luid. Below this soupy sediment layer is a
firm unmottled yellowish brown layer averaging 8 cm in thickness. followed by a
lower mottled unit (Spiess et al, 1984). The 16 cores taken on Echo 1 contained
between 3 and 117 manganese nodules each. The nodules were split between the biol-
ogists and the geologists using a random selection technique. About 309% of the
nodules were refrigerated with box core sea water and preserved in air tight plastic
bags for geological and acoustical studies. The nodules from box core H359 were

never exposed to air and curated together with their own box core sea water.

Nodules cored at Site ‘E’ are ellipsoidal or discoidal with very irregular sur-
face texture (figure 1-9). Rounded bulges on the smooth and lustruous top surface
deviate up to 0.5 cm from the mean surface. These bulges are especially pronounced
on the larger nodules. The bottom surface is granular. flatter and lacks small scale
bumps. Well developed fissures found on the bottom surface penetrate the concretion
and terminate a few mm below the top surface. X-ray studies indicate that the tops

are mostly disordered manganates, whereas the bottoms are more crystalline
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(Arrhenius, et al., 1985). Both, a fixed 10-A-manganate (§-10-A-manganate) and a
partly expanding 10-A-manganate (a-l10A-manganate) have been identified. The
latter collapses upon dehydration to a fixed 7-A-manganate (birnessite). No detailed
studies of the composition of the nodules collected on Echo 1 have been made. Previ-
ous studies indicate that the nodules of this area have a composition similar to that

of the nodules at DOMES site 'C’ (Bischoff and Piper, 1979, p. 651).

The aspect ratios of the nodules vary from 1 to approximately 0.2. As will
be shown in detail, the minor horizontal axis is in general a little shorter than the

longest (horizontal) axis, while the vertical axis is on the average only 50% of the

longest axis of the nodule.

The nodules from the Mining Area (60-80%coverage) are 50 + 1.5 cm in
length (longest axis) and 66 - 114 per box core (0.25 m2). Those from the Control
Area (50% coverage) are 6.75 + 2.0 cm in length and 30 - 48 per box core. Box core
H359 had 10 nodules ranging from 6.6 to 12.7 cm in size and one pushed down or
buried nodule of 2.0 cm. (The surface of this small one is all granular like that of

buried nodules. [t was, however, found near the edge of the box corer and can thus

not be identified as ‘buried’.)

Deep Tow photos show that the nodules sampled by the box corer are

representative for their respective areas. Their sizes will be discussed in detail below.

12 buried nodules were identified in the box cores of the Mining Area, while
only 7 nodules were buried in the Control Area box cores. All buried nodules have a
very f{ragile granular surface which is as delicate as and resembles the bottom surface
of the surface nodules. X-ray studies of the crystal structure of a single buried nodule
(which had been preserved together with the surrounding sediments in an air-tight

plastic bag) have revealed that both the top and the bottom contain the fixed 10-A-
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manganate and no observable 7-A-phase. This suggests that the entire surface of the
buried nodules is similar to the underside of the outcropping nodules. The observa-
tion of the fixed 10-A-manganate was done 20 months after collection of the samples.
Continuing analysis (Arrhénius, et al., 1985) showed that during this time period
expanding 10-A-manganates convert irreversibly to the non-expanding (fixed)
polymorph. This makes the interpretation of the X-rays on the buried nodules

difficult. Most of these nodules were found at depths of 5 to 25 cm.

b) Measurements

For some 500 nodules the 3 principal axes, the weight in air and the weight
in water were determined. The 3 principal axes are defined as follows:
vertical axis (z-axis) = vertical as on the ocean bottom
major horizontal axis (x-axis) = longest horizontal axis
minor horizontal axis (y-axis) = axis perpendicular to vertical axis

and to major horizontal axis

In order to assure high measurement accuracy of the axes, the nodules were carefully
placed between adjustable, machined wooden boards. The spacing of these boards
was then measured with a caliper to an accuracy of 0.5 mm or better. The two hor-
izontal axes were measured simuitaneously. Then the nodule was rotated 90 degrees
around the x-axis and the vertical axis was measured. From these measurements, a

" computed volume” can be calculated by assuming the nodules are ellipsoids:

vV w dnabe

3 8 (1-1)
where a, b and ¢ are the respective axes. The measurement error propagates as
av®  (aa) o (asf | [ac)
[7] - ==+ [T] + | = (1-2)

and is estimated to be 3% or less. On the average this volume is some 20 larger




than the measured volume of a nodule. This can be attributed to the large bumps on

the surface of the nodules at this site.

The weights in 2° C sea water and in air were determined with a beam bal-
ance. Before the weight in air W, could be determined, all water on the balance
and, just prior to weighing, excess surface water on the noduies was removed with a
paper towel. The accuracy of the beam balance is 0.1 g. From these measurements

the volume of the nodules V,, .., can be determined by Archimedes’s principle:

(M iie = Viedsi Pouvcur)g = Wioeo veter

W,

“r Wcu weter

V”"“ =
P seq weterd

where g is the gravitational acceleration, M,,,,, is the mass of the nodule, W,,, ,u.r IS
the weight of the nodule in sea water and p,,, 4ur 1S the density of sea water.
Neglecting the measurement error of the density ( <1 per mil) the measurement error
is

AV V2 a W
v wn'r - chur
0.2
W-" - W

water
< 3%

The density of a nodule p,,,, is defined by

Prodeic = nodue (1-4)
noduis

where M is the mass and V is the measured volume. The error propagates as

(neglecting again the error of g, weter)

RV

Py dic - AW, +
P rodsis Wu’r - W-un u,u'r

waler

This is <109 in the worst case, and <3% for over 909 of the nodules.
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c/Nodule sizes, masses and volumes

c.l Longest axis

After the box cores H348 and H352 had failed the F-test for the " Control
Area” (the probability that they were drawn from the same population as the other 4
box cores is less than 1%), a "Reduced Control Area” (RCA) was defined with the 4
remaining box cores. (It is not surprising that the 2 box cores failed the F-test as the
nodule coverage changes substantially in their respective vicinities). Figure 1-10
shows the distribution of the nodule sizes for 3 mm size classes. Table 1-1 lists the
first four moments for the 1 mm size classes (The third and fourth moments have

been normalized by the third and fourth power of the standard deviation respec-

tively.).
area number mean | variance | st. dev. | 3rd moment | 4th moment
'mm| ‘mm> mmj
RCA 7 68.0 234 15.3 -0.29 2.13
mining 243 50.0 214 14.6 0.53 2.97
MANOP H 141 18.5 264 16.3 0.57 3.05

Table No. 1-1 : Longest length

After a graphical comparison of the common probability distributions. those

in table 1-2 were selected for a closer inspection.

In previous works, the authors (Karas, 1978; Magnuson. 1983; Ma. 1982),
often linked the size distributions of nodules to Rayleigh or Bernoulli distributions
(table 1-2). [t is possible to find suitable parameters for the Bernoulli distribution if
one chooses the interval size very carefully (M. Karas chose 17.8 mm for MANOP site
S), but the rms-error is large. as the fits deviate substantially from the data for the
nodules exceeding the most frequent length. A fit with a Rayleigh distribution is

practically impossible. as the variance and the square of the mean are refated bv

0? = (4/7-1)T° {1-8)
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where 0° =variance and 7 =mean. This means that
o = V(4/7—1) T =052z, (1-7)
Table 1-1 shows that this is not the case at Site ‘E’ nor at MANOP site H.
Name Definition Mean Variance
Bernoulli B(N.z,p) = T{T(N—')_ P*(1—p)N-e Np Np ( 1-p)
’ X (N=z)!
N+l = number of size classes
Poisson A A Y
P(z ) pr
Gaussian Y{(z.2.4) 1 e - (2 =u)?2s? u a2
TR N3
Vr . =
Rayleigh 2 a 2a%—1*
yiei R(z.a)--iﬁc""/""" H{o) 2
ot
1
J

« H = Heaviside step function g
. 1

b1 {b+l)(c+1) ‘

: Beta Tl b4c+2 - ‘
- Blz.b c)me—nldFet2) b b2 | (b 42)3(b 4+ +3) :
. (@b ey e ) © 1% ( |
" i

0<z <1 |
b > -1 |
c > -1 \
[ = gamma~function |

. Gamma -< JHa+1) FFla+1) ‘
. “z,a.,3) a1 e 73 ( |
4 Cla+l)g™™ i
PRy | |

r >0 ‘ !
"-: Q > -1 ‘ ’ |
- 3 >0 i
o [ = gamma—function !
J ]
¥
Table No. 1-2 : Definitions. Means and Variances of some probability functions

0N (for a discussion of these functions and the associated phvsical models.
N see Bendat and Piersol 1971. and Harris 1966)
N
> A plot of the logarithm of the frequency of occurrence versus the longest

’ length shows that the numbers of nodules with diameters exceeding the most frequent
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diameter fall on a straight line i.e. that the number of nodules with sizes exceeding
the most frequent one decays exponentially with size (figure 1-11). Unfortunately.

this does not describe the nodules with smaller axes. A distribution of the form

f(z) = g(z)e™ (1-8)
where ¢™* decays much faster for large x than g(x) increases, is given by the gamma
density function (see table 1-2).

For the RCA, the Mining Area and MANOP site H, the first 4+ moments of

the longest lengths were computed (table 1-1).1

A look at the third and fourth
moments and the plots in figures 1-10 and 1-12 suggest that a Gaussian distribution
will probably be a valid approximation. Using the computed means (7) and standard
deviations (o) as parameters. the Gaussian and gamma distributions give satisfactory
fits for all 3 areas. Both two-parameter densities can be better adapted by using a

least-squares fit to choose the parameters. A simple-minded test on a PDP 11/23

computer allowed for a reduction of the rms error of up to 25%.

A x*-test was made to test the hypothesis that the probability distribution is
a gamma-function. The hypothesis had to be rejected at the 309 significance level.
A \*-test for a Gaussian shows that the probability distribution is Gaussian at the
80%% significance level for MANOP site 'H'. a2 50% significance level for the RCA and
the 809 significance level for the Mining Area. Hence it must be admitted that the

frequency of occurrence of the longest length can be best modeled by a Gaussian.

Unfortunately. there are too few nodules available from the transition zone
to extend this hypothesis to the transition zone or aayv areas with large nodules.

Although nodules smaller than 5 mm were not retained. the data indicate that micro-

b thank Bruce Finney Graduate School >f Oceanography at the Oregon State University Cor-

vailis. Oregon. for making his measurements {rom the Vulcan | expedition availabie MANOP site
H}
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nodules form a separate population.

.2 Average horizontal diameter

For acoustical measurements, it is important to know the average horizontal

diameter D,, defined by

Du = Vzy (1'9)
where z is the longest horizontal axis and y is the shorter horizoatal axis. The same
analysis as for the longest horizontal axis has been done. and the results have been

summarized in figure 1-13 and the table below:

area average 4o Gaussian rms | Gamma rms
Mining 44.5 $13.0 mm 0.006 mm 0.014 mm
RCA 60.0 + 13.5 mm 0.010 mm 0.015 mm
MANOPH | 44.0 +£155 mm 0.007 mm 0.014 mm

Table No. 1-3 : Average horizontal diameter

The rms errors for comparisons of the data with a Gaussian and with a

gamma distribution have been computed and are shown in table 1-3.

A y°-test shows that ché Gaussian is an acceptable probability distribution
for the average horizontal diameter for all three areas. The significance levels are
959 for MANOP site 'H’. 909 for the Mining Area and 90 for the RCA. Except
for the nodules from the Mining Area. a y°-test with a gamma-distribution gives
much higher * values and therefore a lower probability that the ~-distribution is the
correct fit. For the Mining Area the y° is the same for both the Gaussian and the

gamma distributions.
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.

¢.3 Medium azis

The frequencies of occurrence of the ratio of the medium axis over the long-

est axis have been plotted in figure 1-14 and the average and standard deviation of

- -

those ratios have been computed:

am

area Mgg% rms error | number noduies
Mining area 79 £0.10 0.005 240

v RCA 0.77 £0.11 0.001 76

MANOP H 0.82 £0.12 0011 141

\ Table No. 1-4 : Ratios of medium over longest lengths

A fit with a Gaussian with the thus determined averages and standard devi-

ations as parameters leads to the rms-errors indicated in table No. 1-4.

A x*-test shows that a fit with a Gaussian is also here good for the Echo 1

site. The levels of significance are 90% for the Mining Area, 90% for the RCA and

AN

40% for MANOP site 'H’. (Remember that the box cores are not closely spaced at

MANOP site 'H’ and are shown for comparison only.)

c.4 Vertical axis

g’ The same data reduction as sub c.3 was done for the vertical axis. The

results can be found in figure 1-14 and the following table:

area average;_-g; rms-error
Mining area | 0.53 £0.10 0.006

N RCA 0.48 +£0.09 | 0.0095
MANOPH | 053 £0.14 | 0.009

Table No. 1-5 : Ratios of vertical to longest length

The fit with a Gaussian is again good for all 3 areas. The y*test tells us

] that the Gaussian can be accepted at the 95% significance level for the Mining Area.

609 for the RCA and 909% for MANOP site 'H'.
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c.5 Mass, volume and density

As already stated above, the volume of each nodule was determined by
Archimedes’s method. Knowing the wet mass, the wet deansity could be determined

with equation (4).

The measured wet density for the nodules of site 'E’ is 2.00 + 0.04 g/em?
(Greenslate, 1977). This is within one standard deviation in agreement with J.
Greenslate’s constant density of 1.96 g/em3. This result permits one to use the wet
mass instead of the volume or vice-versa, whichever quantity can be obtained more

easily.
A least squares fit for the nodule volumes was attempted by assuming that

V = vzt (1-10)
where V =volume, x =longest length, ¢ and v are the parameters to be determined.

Taking the natural logarithm leads to

InV = lnv + ¢lnz (1-11)
which is a straight line on a lnv(inz) graph. Minimizing the square of the error leads

to

ZlnV;Elnz; — NEInVInz;
€ = " Py (1'12)
(Zlnz;)* = NZ(Ingz;)?

lov = LV Eln V;— Slnz,] (1-13)
For the Mining Area ¢ =2.35 and v =2.1, while for the Control Area ¢ =2.44 and v =
1.5. Figure 1-15 shows the volumes as a {unction of the longest length and as a func-
tion of the volumes calculated with equation (1-1) for the Control Area and the Min-
ing Area. All points with standard deviations are averages over more than 3 nodules.

the total number of nodules being 243 for the Mining Area and 90 for the Control

Area.
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Figure 1-15. Manganese nodule volumes as a function of the nodule length

Averaged volumes of the nodules as a function of the longest length for the Min-
ing area (a) and the Control area (b) The standard deviations are shown if there
are more than three nodules of that size (a') and (b') show the volumes as 1
function of the product of the three main axes For MANOP site H. the masses
have been plotted instead of the volumes (¢ and ¢’}
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Unfortunately, there are not enough data available to make a reliable esti-

mates of ¢ and v for the transition zone (¢ =2.89 for box core H359).

There are no volume measurements available for MANOP site H. The
volumes being directly proportional to the wet masses (page 34), the masses for site H

have been plotted as a function of the longest axis (figure 1-15.c).

If the third root of the product of the three axes is used as average length.
the volumes are the 2.6th power or the 2.9th power of that average length for the
Control Area and the Mining Area respectively (figure 1-15a’ and 1-15b’). With the

assumption that the wet density is a constant, the 2.7th power is found for MANOP

site 'H’.

c.6 Discussion

While the graphical comparison of nodule sizes and axis ratios with probabil-
ity distributions suggested that Rayleigh, Gamma, Beta and Gaussian probability
functions might all fit the data equally well, numerical analyses have shown that a
Gaussian gives the best fit for this area if the mean and/or the standard deviations
are used as parameters. The deviations from a Gaussian are small enough and are
judged to be insignificant for the acoustic assessment of manganese resources. This
result will help establish the basics for the modeling of the acoustic backscatter of
manganese nodules and possibly of nodule growth. It is likely that the distribution is
approximately Gaussian because a large number of independent parameters control

nodule growth.

The data presented above suggest that the growth rates in the three orthog-
onal directions are not independent of each other. Especially for the Mining Area i.e.
where a lot of nodules from a well defined homogeneous area are available, the rela-

tionship between the two horizontal diameters or between the longest and the
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o vertical axes are well descrited by an average ratio and a standard deviation.

:" The average horizontal diameter as well as the longest length are approxi-

? mately normally distributed. Deviations from a Gaussian occur at both ends of the :
. size range (figure 1-12). For the RCA, they have to be attributed to sampling errors

'/ as there were fewer than 80 nodules avaiiable. Sampling errors for the Mining Area

:j and for MANOP 'H’ are also possible since a few nodules in the range of 1 mm to 1

O
U

cm could change the curve and nodules smaller than 5 mm were not retained. (No
N nodules of the order of a few mm to 1 cm could be found on Echo 1). This suggests

that there is a gap between the micronodules studied on other expeditions to the

—y
f

same area (Arrhenius, 1952; Goldberg and Arrhenius, 1958; Bischoff and